We show that the masses in the baryon octet and decuplet are very well described in a chiral perturbation theory in which the baryons are treated as composite particles by introducing a baryon-meson form factor. The form factor suppresses unphysical short distance effects and leads to a controllable perturbation theory. In this approach, pion loops are as important as kaon or eta loops, as would be expected when only intermediate-and long-distance contributions are retained. We also find that the contributions of decuplet intermediate states are important in the calculation of the masses, and those states must be included explicitly in a consistent theory.
I. INTRODUCTION
Baryon masses have been studied intensively in chiral perturbation theory (ChPT). The results obtained in the standard approach using dimensional regularization to control the divergences in the theory are not completely satisfactory [1] [2] [3] . The chiral loop corrections evaluated in that regularization scheme are very large, even of the order of the leading terms, and the convergence of the chiral expansion is at best very slow. The results are also dominated by the contributions from heavy mesons, while pion loops would be expected to give the main contributions associated with long distances or low momenta. The same difficulties appear in other situations, for example, in the calculation of the baryon magnetic moments in chiral perturbation theory [4] [5] [6] [7] , where the convergence and usefulness of the chiral expansion is again questionable [8] . These shortcomings are all due physically to the treatment of the baryons as point particles in the standard approach. Loop integrals then involve high momenta and unphysical short-distance contributions, and tend to be large and dominated by heavy mesons.
In this work, we treat the octet and decuplet baryons as composite particles, introducing a form factor at the baryon-meson vertex as in our earlier work on the baryon magnetic moments [9] [10] [11] to describe the effects of the extended spatial structure of those particles. As a result of its structure, a baryon cannot absorb a high recoil momentum and remain in the same state, so that high-momentum or short-distance effects are suppressed naturally by wave function effects which we model using the form factor. The divergences associated with point baryons are eliminated in this approach, and the loop corrections are reduced in magnitude and have similar magnitudes for pion, kaon, and eta loops. We include the decuplet states explicitly as in [1] and in our earlier work [9] [10] [11] . The octet-decuplet mass splitting is small on the scale of the relevant momenta, treated as massive and integrated out in a rapidly convergent momentum expansion even when the calculation is restricted to the octet masses. The contributions of octet intermediate states are similarly important in the calculation of the decuplet masses.
An approach to ChPT similar to that developed here and in our earlier work [9] [10] [11] is discussed in recent work by Donoghue and Holstein [12] and Donoghue, Holstein, and Borasoy [13] . Those authors show that the difficulties with dimensional regularization in chiral perturbation theory arise from unwanted short-distance effects, and propose to eliminate those effects by the use of a chiral cutoff in momentum space. We have introduced the cutoff as resulting physically from the composite structure of the baryons [9] [10] [11] . Donoghue et al. do not include the baryon decuplet contributions in their discussions of baryon masses and moments.
II. MODEL AND THEORETICAL RESULTS

A. Heavy baryon chiral perturbation theory
Heavy baryon perturbation theory (HBPT) was developed in [14] and extended to the chiral context in [15] . It has been used to study a number of hadronic processes at momentum transfers much less than 1 GeV. The key ideas in HBChPT involve the replacement of the momentum p µ of a nearly on-shell baryon by its on-shell momentum m B v µ plus a small additional momentum k µ , p = m B v + k, and the replacement of the baryon field operator B(x) by an velocity-dependent operator B v (x) constructed to remove the free momentum dependence in the Dirac equation, B v (x) = e im B vv µ xµ B(x) [14] . In these expressions m B is the SU(3)-symmetric mass of the baryon octet, v µ is the on-shell four velocity of the baryon, and it is assumed that k · v ≪ m B . Velocity-dependent Rarita-Schwinger decuplet fields T µ v are defined in the same manner, with T µ v (x) = e im B vv ν xν T µ (x). Note that we only extract the large octet-baryon mass m B in this construction to avoid the appearance of phase factors in the octet-decuplet interactions defined below, and will treat the small decuplet-octet mass difference δm B = m T − m B explicitly. The velocity-dependent perturbation expansion involves modified Feynman rules and an expansion in powers of k/m B [14, 15] .
The chiral Lagrangian in HBChPT depends on the velocity-dependent baryon fields and on the pseudoscalar meson octet, normalized as
The pseudoscalar fields couple to B v (x) and T µ v through the vector and axial vector currents defined by
where
and f ≈ 93 MeV is the meson decay constant. The field ξ is taken to transform under 4) where this equation defines U as a function of L, R, and ξ. The lowest order chiral Lagrangian for octet and decuplet baryons is
Here δm B is the decuplet-octet mass difference,
is the covariant chiral derivative, and D, F , C, and H are the strong interaction coupling constants. The spin operator S µ v is defined in [15] . The "mass term" δm BT 
If we consider only the baryon and not the meson masses, the terms with coefficients σ andσ contribute mass terms of standard form for the octet and decuplet baryons, and can be absorbed by redefinitions of m B and m T = m B + δm B . We will follow this procedure. In our previous work [9, 10] on a QCD-based quark model with chiral couplings, we introduced a form factor characterizing the structure of baryons considered as composite particles and showed how to evaluate the loop graphs with the form factor inserted at the baryon-meson vertices. We will follow the same approach here. In particular, we introduce a simple form factor F (k, v) at each meson-baryon vertex, with
Here k = (k 0 , k) is the 4-momentum of meson and λ is a parameter characterizing a natural momentum scale for the meson-baryon wave function. The form factor reduces in the rest frame of the heavy baryon to a function of k 2 only, 8) and can be interpreted in terms of a meson-baryon wave function. It also respects crossing symmetry for the meson line under the substitution k → −k. The loop integrals involving this form factor can be evaluated by making an appropriate v-dependent shift in the loop momentum [10] . Because of the structure of the chiral vertices and the relation v · S = 0, the result is equivalent for some of the one-loop graphs to that obtained with a covariant form factor or cutoff
In [10] , we found an excellent fit to the baryon magnetic moments using a value λ ≈ 407 MeV in the form factor, but good fits could also be obtained for somewhat different values in this general range.
C. Expressions for the baryon masses
We will write the mass of baryon i in the form
where the leading term M come from the loop graphs in Figs. 1b, 1d, 2c, and 2f that involve both octet and decuplet baryons, and depend explicitly on δm B .
The calculations with the form factor F (k, v) included are straightforward using the methods in [10] , and we find that
and
(2.12)
The upper and lower signs are to be used for external octet and decuplet baryons, respectively. The functions M 3 , L 2 (m, ±δm B , λ), and L 0 (m, λ) are defined by
The remaining functions F 0 , L 0 , L 1 , and L 2 are given in [10] and [11] . The coupling coefficients α i are identical to those in [1] . We list the remaining, mostly new, coupling coefficients
, λ i , and λ ′ i in Appendix A. These reduce in combination to the coefficients given in [1] in the limit considered there. To connect the various terms to the loop graphs in Figs. 1 and 2 we note that
are, respectively, the coefficients of the graphs 1a, 1b, 2a, 2b, and 2c for the octet baryons, and of the graphs 1c, 1d, 2d, 2e, and 2f for the decuplet baryons. The coefficients λ i and λ ′ i are associated respectively with the wave function renormalizations that arise from graphs 1a and 1b for external octet baryons, and 1c and 1d for external decuplet baryons.
III. COMPARISON WITH EXPERIMENT A. Fits to the data
We will choose the strong interaction couplings F , D, C, and H to satisfy the SU(6) relations F = 2D/3, C = −2D, and H = −3D as in our previous work [8, 10, 11] . For F = 0.5, we then have D = 0.75, C = −1.5, and H = −2.15, with F + D ≈ |g A /g V | = 1.26. We use the values f π = 93 MeV and f K = f η = 1.2f π [5] . Finally, the fitted value of the cutoff parameter λ is found to lie in a range consistent with that used in our earlier fits the baryon magnetic moments [10] , so it is not a new parameter in that sense.
We now have total of five parameters m B , δm B , m s b D , m s b F , and m s c to fit the average masses of the eight SU(2) baryon multiplets. We obtain an excellent equal-weight leastsquares fit to the masses. The results are summarized in Table I A detailed breakdown of the contributions of the loop integrals to the fitted baryon masses is given in Table II . All of the loop corrections lower the baryon masses as expected in second order perturbation theory. The corrections to the masses are substantial, but are still small in comparison to the leading contributions, ranging from 23 to 30 percent of m B and suggesting reasonably rapid convergence of the loop expansion. These results are in marked contrast to the results obtained in HBChPT for the point baryons, where the loop contributions calculated using dimensional regularization are comparable in size to the leading terms. Table III shows the contributions of the various meson loops to the total loop corrections to the masses. We note that the pion loops are very important, contrary to what is expected in HBChPT with dimensional regularization. In that approach, the loop integrals are proportional to the square or cube of the mass of the meson in the loop. Pion loops are consequently strongly suppressed, and were ignored, for example, in [1] . The effect of the form factor is crucial here. The derivative couplings of mesons to baryons emphasize high-momentum or short-distance contributions in the loop integrals, but these contributions are cut off by the form factors, reflecting the compositeness and extended structures of the baryons and mesons. With the form factors present, the momentum scale in the loop integrations is set primarily by the parameter λ, Table II show that the contributions of decuplet intermediate states are very important, of the same order as the contributions from the octet. Because the decuplet-octet mass splitting δm B = 86.5 MeV is small on the scale of the typical momenta k ≈ λ = 443 MeV determined by the form factor, it is not justified to consider the decuplet as massive relative to the octet, integrate out its explicit contributions, and attempt an expansion of the decuplet contributions in powers of k/δm B as in [7] .
B. BARYON MASS RELATIONS
While the overall fits to the baryon masses are excellent, they do not give as sensitive a test of the loop corrections as might be expected. In particular, for equal meson masses, the loop corrections introduce no new symmetry breaking, and necessarily have the same structure as the tree-level terms. They can therefore be absorbed completely by a readjustment of the tree-level parameters m B , δm B , m s b D , m s b F , and m s c. This is no longer possible for M π = M K = M η in the loops, and new symmetry breaking structures appear. However, the effect of unequal masses on the loop integrals is suppressed because of the form factors, as noted above. The corrections therefore retain the tree-level structure approximately, and the largest parts of the corrections can be absorbed by adjusting the tree-level parameters.
3 Thus, to get a real test of the theory, we need to emphasize mass relations that are independent of the tree-level parameters.
There are three baryon mass relations at tree level, the Gell-Mann-Okubo formula
for the baryon octet, and two independent relations from Gell-Mann's equal spacing rule for the baryon decuplet,
We choose to work with the following two relations for the baryon decuplet
The second is independent of the rather uncertain mass of the ∆.
In Table IV , we present the violations of the mass relations from the loop graphs evaluated using the couplings and the fitting parameters given in the previous section. The results from this table show that the violations of the Gell-Mann-Okubo formula, Eq.(3.1), are quite small graph-by-graph, both absolutely and on the scale of the loop contributions. In particular, it is not necessary to have small loop contributions for the Gell-Mann-Okubo relation to be well satisfied by the final baryon masses as shown in Table IV .
The violations of the decuplet mass relations Eq.(3.3) by the loop graphs that lead to the non-analytic m 3/2 s corrections to the baryon massess in the conventional ChPT are significant. However, the total violations are small because of cancellations. The results agree with the observed violations in sign, and also agree reasonably well in magnitude given the theoretical and experimental uncertainties. We conclude that the general structure of theory is correct.
IV. CONCLUSIONS
In this paper, we have considered the one-loop corrections to the baryon masses in a HBChPT in which baryons are treated as composite particles by introducing the form factor. Using the five parameters that appear in the theory at tree level and the SU(6) couplings used in our earlier work, we fit the average masses of the eight octet and decuplet baryon multiplets with an average deviation of only 0.5 MeV. The results are in excellent agreement with experimental data given the absence of higher order contributions and the experimental uncertainties.
As discussed above, the smallness of loop contributions relative to the leading terms suggests that the perturbation series is under control. We find that pion loops are quite important as would be expected in a calculation dominated by intermediate range contributions. Both results are in sharp contrast to the situation in conventional HBChPT with dimensional regularization, where there is little indication that the perturbation series converges, and pion contributions are strongly suppressed. In addition, we find that the decuplet states must be treated as light on the scale of the octet, and included explicitly. In particular, the contributions of decuplet intermediate states in loops to the octet masses are as important as the contributions of octet intermediate states.
Finally, we emphasize that, with the inclusion of the form factors representing the composite structure of the baryons and mesons, the sensitivity of the loop contributions to the masses of the mesons in the loops is greatly reduced. As a result, the loop contributions retain the basic structure of the tree-level masses, and the overall precision of the fit on the scale of the baryon masses is not a good test of the theory. The Gell-Mann-Okubo and decuplet mass relations provide such tests. The Gell-Mann-Okubo relation is satisfied within the experimental uncertainties despite the size of the loop corrections. The decuplet mass relations are satisfied reasonably well.
As a final test, we have used the values of δm B , λ, and the couplings F ,D, C, f π , f K , and f η from this work to evaluate the loop corrections to the octet baryon moments in HBChPT with form factors. Fitting eight octet baryon moments, including the transition moment µ Σ 0 Λ , using the two tree-level parameters µ F and µ D , we obtain an average deviation of 0.08µ N between the theoretical and experimental values of moments. The result is substantially better than that obtained at tree level, where the average deviation between theory and experiment is 0.24µ N , and indicates the importance of the loop corrections. The perturbation expansion again appears to be under control with the form factors present.
We believe that these results demonstrate the usefulness of treating baryons as composite particles. By introducing the form factor, the unphysical high-momentum effects that dominate conventional calculations are suppressed, and a theory is obtained that appears to describe low energy processes involving baryons quite well.
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APPENDIX A: THE COUPLING COEFFICIENTS
In this appendix, we present the coupling coefficients explicitly. For simplicity, the superscript (X) is suppressed. Our coupling coefficients α i are identical to those in [1] . There are the relations between λ i and β i and also between λ ′ i and β
The coupling coefficients β i are
for the pion loops,
for the kaon loops, and
for the eta loops. The coefficients β
for the eta loops. The coefficientsγ i arẽ
for the eta loops. The coefficientsγ i vanish for the pion loops. The coefficientsγ i arê
for the eta loops. Finally, the coefficients γ
for the eta loops. 
